We have developed cell sheet technology as a modern method for the fabrication of functional tissue-like and organ-like structures. This technology allows for a sheet of interconnected cells and cells in full contact with their natural extracellular environment to be obtained. A cell sheet can be patterned and composed according to more than one cell type. The key technology of cell sheet engineering is that a fabricated cell sheet can be harvested and transplanted utilizing temperature-responsive surfaces. In this review, we summarize different aspects of cell sheet engineering and provide a survey of the application of cell sheets as a suitable material for biofabrication and clinics. Moreover, since cell micropatterning is a key tool for cell sheet engineering, in this review we focus on the introduction of our approaches to cell micropatterning and cell co-culture to the principles of automation and how they can be subjected to easy robotics programming. Finally, efforts towards making cell sheet technology suitable for biofabrication and robotic biofabrication are also summarized.
Introduction
New challenges in cell and tissue engineering call for the mimicking of the natural environment of a tissue. It is for this reason that in modern strategies for tissue repair and regeneration, most of the materials used are biomimetic materials which are rendered capable of interacting with surrounding tissues. These techniques usually use either synthetic or natural scaffolds which have been modified at their surface or inside their structure [1, 2] . However, the use of scaffolds is associated in many cases with rejection or toxicity problems. Grafts present a good option for solving tissue engineering material problems. However, the availability of tissues and organs is limited because of the size of tissues usable in the case of autografts and the limited number of donors in the case of allografts. Ideally, materials based on cells cultivated beforehand in vitro would be used. In any case, cells without support or scaffolds can just barely form a 3D structured tissue. The injection of single cell suspensions has been applied to repair tissues, leading to good clinical results. However, in most cases injected cells cannot be retained around the target tissue, thus causing difficulties in controlling the location of the injected cells. Cell sheet technology has been developed to address these problems, offering an alternative to previous methods. Cell sheet technology is a technology that allows us to obtain a sheet of interconnected cells and cells in full contact with their natural extracellular environment. L'Heureux et al [3] [4] [5] successfully constructed vascular grafts which do not contain any synthetic materials using a sheet-based tissue engineering technology. With the latter method, the cell sheet is not detached spontaneously from a culture surface. On the other hand, in our cell sheet technology which employs temperature-responsive culture surfaces, cells are harvested as a single contiguous cell sheet upon temperature reduction [6] . In this review, we summarize different aspects of cell sheet engineering and provide a survey of the application of cell sheets as a suitable material for biofabrication and clinics. Moreover, since cell micropatterning is a key tool for cell sheet engineering, in this review we focus on the introduction of our approaches to cell micropatterning. Efforts towards making cell sheet engineering the technology of biofabrication in future are also summarized. • C, whereas lowering temperature to 20
• C facilitates the detachment of patterned cell sheets. In the case of tissue culture polystyrene dishes, enzymatic treatment, which is necessary for the harvesting of cells, damages cell-cell connections and the deposited ECM.
Cell sheet engineering
Traditional approaches in tissue engineering using biodegradable scaffolds have so far only shown limited success. To reconstruct various tissues such as heart or liver tissue, it is necessary to create cell-dense structures that resemble the native architecture. Cell-to-cell interaction and cell-to-extracellular matrix (ECM) interaction are necessary for maintaining the tissue. Conventional techniques such as proteolytic treatment cause degradation of cell surface proteins, which are vital for cell-to-cell and cell-to-ECM interactions (figure 1). We have developed cell sheet technology in order to overcome these problems and in order to give better solutions for tissue repair and regeneration field among others [6] . This is a technique that makes it possible to fabricate a sheet full of cells along with their natural extracellular environment (figure 1). Moreover, if the cell sheet is patterned or composed of more than one cell type, when harvested, the patterning of cells is also kept intact (figure 1) [7, 8] . Because of its properties and the fact that its fabrication can be subject to automation, we believe that cell sheet technology is an ideal approach to biofabrication. Indeed, in biofabrication, when the objective is medical therapy, living cells and bioactive materials are used as building blocks to fabricate advanced biological models on a large scale, and a cell sheet here plays the role of one building block of organ-like structures. With cell sheet technology, cells are cultured on temperature-responsive culture dishes [6] . We created these dishes by the grafting of the temperature-responsive polymer poly(N-isopropylacrylamide) (PIPAAm) onto ordinary tissue culture dishes (TCPS) [3] . PIPAAm-coated dishes are temperature-responsive culture dishes where the surface becomes either hydrophilic or hydrophobic in a reversible manner, depending on the temperature. This characteristic has been exploited to detach an intact cell sheet from the culture dishes. The surface of the dishes is relatively hydrophobic, and therefore suitable for cell culture, when the temperature is 37
• C or higher. When the temperature is reduced to 32
• C or lower, however, the surface of the dish becomes very hydrophilic, and hence confluent sheets of cultured cells can be spontaneously released from the dish surface.
Co-cultured cell sheet
Direct interactions between cells, as well as between cells and the extracellular matrix, are critical to the development and function of multicellular tissues and organisms. Monocultures of cells barely ensure their critical role in the maintenance and function of tissues, and it is necessary to imitate the tissue function to the extent possible in order to ensure an efficient biofabrication of tissue-like materials toward in vivo tissue regeneration and repair. To mimic such heterotypic cellular interactions in vitro, we have developed and chosen different strategies for co-culture. We successfully used our cell sheet engineering technique to form double-layered co-culture sheets of hepatocyte cells and endothelial cells, yielding viable multilayer cell sheets [9] to generate tissue-like structures for a wide range of applications [10] . We have recently shown that the cardiac function of infarcted hearts could be improved by the transplantation of engineered cardiac tissues that were co-cultured with endothelial cells. The EC networks within the cardiomyocyte sheets can be easily connected to host vessels, hence enhancing neovascularization within the ischemic hearts [11] . This new method contributes to the development of tissue grafts with a high potential for functional cardiac repair. The co-culture of ECs within cardiomyocyte sheets was however performed in a controlled way but with a random pattern [11] . Since a tissue has a well-structured and arranged micro-architecture, in order to create more efficient mimicking of its structure in vitro, the patterning of cells and their co-culture are necessary. In our previous works, we successfully produced heterotypic cell co-cultures of primary hepatocytes and endothelial cells, and have demonstrated that both cultured cells have retained their cellular function, either when co-cultured on tissue culture surfaces that were grafted with PIPAAm as a thermoresponsive polymer [12, 13] , or when co-cultured on tissue culture surfaces that were grafted with two types of polymers that have different lower critical solution temperature (LCST) [7] . Also using patterned endothelial and fibroblast cell co-cultures, we were able to control 3D microscale cell organization in multi-layered tissue constructs without relying on acellular materials or scaffolds [8] . Patterned co-cultured cells were successfully harvested using a gelatin-coated plunger-like stacking manipulator (figure 2) in order to prevent the patterned sheets from shrinking due to cytoskeletal tension and reorganization [7] . The harvesting of patterned cell sheets using this 'homemade' technique allowed for the layering of cell sheets and for the fabrication of three-dimensional structured tissue, in vitro [7] . These results open ample perspectives for future fabrication of complex functional tissue grafts necessary for regenerative medicine. We are currently using a variation of this method to co-culture cells in a patterned manner and subsequently harvest the patterned cocultured cell sheet.
Patterned co-culture and cell micropatterning
Traditional in vitro co-culture techniques, wherein multiple cell types are seeded randomly, gave good results for tissue • C, the bilayer NHDF sheet and MP-ECs are placed onto another attached NHDF sheet in a similar manner. The process of (1)- (9) is repeated to create three-layer or five-layer cell constructs in vitro. repair and regeneration. However, since in naturally occurring tissues, various types of cells are assembled and bound together in different ways to form a tissue, patterned cell co-culture has attracted the recent attention of the tissue engineering community [14, 15] . Micropatterned cell co-culture was first achieved by spatially controlled surface modification utilizing photolithography [16, 17] . In this method, photolithography was used to pattern a cell adhesive protein on glass substrates, mediating cell adhesion of the first cell seeding in the absence of serum. Then, subsequently seeded cells in the presence of serum adhered on to the remaining unmodified area by a serum-mediated attachment. Among the other methods for cell co-culture, microfluidic channels were utilized to pattern proteins and cells [18] . Adhesive protein solutions, e.g. collagen or fibronectin, were allowed for patterned adsorption after flowing through elastomeric channels and micropatterns of adhesive proteins allowed for cells to adhere selectively to different substrates. The exposed bare substrate areas were seeded with other adhesive cell types, thus producing surface micropatterned co-cultures. In this method, the co-cultured cells have different adhesive proprieties with the first seeded cells having weaker adhesiveness than the second. Toner et al [19] have described the patterned deposition of multiple cell types proceeding with the flow of different cell suspensions through different microchannels or micronetworks. However, the use of cell deposition through microfluidic channels is limited to a few metabolically slow cell types [20] . Hence, the patterning of cells utilizing micropatterned elastomeric stencils has been developed [20, 21] . Wright et al [22] have reported the static and dynamic patterning and co-cultures of multiple cell types using layer-by-layer modification of microfabricated parylene-C stencils.
This method is a promising approach to controlling spatio-temporally the cellto-cell interaction in vitro. However, the mechanics of attachment of elastomeric stencils onto culture surfaces and their peeling after cell attachment can be incommodious in large-scale applications. In order to avoid recourse to this strategy, we have developed a method where surfaces were grafted with a temperature-responsive polymer allowing for easy cell seeding and co-culture in a patterned manner. At first, we utilized patterned grafted surfaces to successfully produce a heterotypic cell co-culture of primary hepatocytes and endothelial cells [12] . PIPAAm was covalently grafted onto TCPS dishes using electron beam irradiation with a metal mask pattern. As illustrated in figure 3 (method 1), the patterning of a first cell type was performed by seeding and culturing cells onto the entire patterned surface at 37
• C and then by selective cell detachment from PIPAAm-grafted domains upon temperature reduction to 20
• C. The co-culture was achieved after changing the temperature to 37
• C again. At this temperature, the cell-free-PIPAAm-grafted domains were rendered cell adhesive domains on which a second cell type attached and spread specifically. With this method we successfully co-cultured to confluence, retaining heterotypic patterned cell domains. However with this method a large number of cells are required, and the harvesting of an entire [12] , the first cell types were seeded at 37
• C and adhered onto the entire dish surface. By reducing temperature below the LCST, spread cells were detached only from PIPAAm-grafted domains (hydrophobic area). Finally, the second cell types were seeded and adhered onto only PIPAAm-grafted domains without cells at 37
• C. In method 2 [13] , the first cell types were seeded at 20
• C and adhered only onto non-grafted TCPS domains. Then, the second cell types were seeded and adhered onto only PIPAAm-grafted domains without cells at 37
• C. In method 3 [7] , the first cell types were seeded at 27
• C and adhered only onto PIPAAm-BMA-co-grafted domains (orange circles). Then, the second cell types were seeded at 37
• C and attached to the rendered-hydrophobic-PIPAAm. Finally after reducing the temperature to 20
• C, cells were harvested as a patterned-co-cultured-cell sheet. cell sheet is also not possible. We have ameliorated this method and first succeeded in reducing the experimental steps from a random seeding of a first cell type, a patterned detaching of the first cell type and a seeding of a second cell type (method 1 in figure 3 ) to only a patterned seeding of a first cell type and a patterned seeding of a second cell type (method 2 in figure 3 ) [13] . With this method (figure 3, method 2), the efficiency of temperature-induced cell detachment did not depend on cell types and conditions and the incubation time below the LSCT did not need to be adjusted to cell types [13] , as opposed to the preceding method [12] . In order to be able to extend this method to the co-culture of three or more cell types, we took advantage of the fact that the grafted PIPAAm polymer LCST could be readily varied. It is known that PIPAAm, when copolymerized with other hydrophobic or hydrophilic monomers [23, 24] , allows for the variation of the temperatures at which the co-polymer-grafted surface is hydrated. We have taken advantage of this characteristic to pattern surfaces in order to simply and easily co-culture heterotypic cells (figure 3, method 3) [25] and moreover to recover the patterned co-cultured cell sheets [7] for future applications in tissue engineering. Using the electron beam irradiation polymerization method and porous metal masks, we have patterned two types of thermoresponsive polymers exhibiting different transition temperatures in water, i.e. PIPAAm and PIPAAm-BMA, where PIPAAm-BMA is a PIPAAm which was co-grafted to n-butyl methacrylate (BMA). The first cell type was seeded at 27
• C, a temperature at which the PIPAAm polymer is hydrophilic and the PIPAAm-BMA polymer is hydrophobic. The first cell type attaches to the PIPAAm-BMA polymer exclusively ( figure 3, method 3) . Later, the second cell type was seeded and then adhered to hydrophobized PIPAAm domains upon increasing the culture temperature to 37
• C. Once the patterned co-culture of cells was achieved, patterned-co-cultured cells were harvested as an intact patterned cell sheet after reducing the culture temperature to 20
• C. This system proved to be suitable for modern biofabrication to construct complicated tissues by overlaying patterned co-cultured cell sheets. In this method, patterned surface modification was achieved with electron beam irradiation through patterned masks on inexpensive plastics. This offered a simple and easy way for cell micropatterning.
However since electron beam lithography systems are generally highly complex machines requiring substantial maintenance, we looked for new substitutes to micropattern cells and proteins. We used what we designated as a maskless technique, a technique which utilized a modified liquid crystal device projector. A brief description of this approach is given in the following section.
Modern methods for cell micropatterning
Fabrication of micropatterned surfaces to organize and control cell adhesion and proliferation is an indispensable technique for the mimicking of tissue-like structures and for the biofabrication of tissues in vitro. Several successful strategies for creating cellular micropatterns on substrates have been reported in the literature. Here, we summarize the micropatterning strategies we have adopted in order to obtain patterned cell cultures.
In our laboratory, patterned surface modification techniques were first achieved using area-selective electron beam polymerization of PIPAAm into domains on polystyrene dishes [6] . Cells are seeded and patterned as described in figure 3 . We have also prepared patterned surfaces by combining electron beam irradiation and localized laser ablation of an PIPAAm-grafted polymer. First, a cell-nonadhesive surface is fabricated by grafting the PIPAAm polymer onto polystyrene surfaces using electron beam irradiation. Then limited targeted domains are rendered adhesive for cells after a localized ablation of a UV ArF excimer laser. In this way, the micropatterning of hepatocytes [26] and endothelial cells [27] adhered only to the ablated domains on which fibronectin was adsorbed at 37
• C. These methods offer efficient tools for cell micropatterning and co-culture. However, their use is limited, since they require special and expensive equipment or materials, e.g. chrome masks. Whitesides et al [28] [29] [30] reported rapid prototyping of poly(dimethylsiloxane) (PDMS) microfluidic devices using laser-printed commercial transparency sheets as masks on which channel designs are printed. However, with this approach, it is difficult to achieve high line resolutions. To circumvent these problems, we have developed an all-in-one photolithography device for the rapid fabrication of micropatterned surfaces. Regarding the fact that we aimed not to use photomasks, we designated this technique as a maskless technique. The first generation of the maskless technique consisted of a modification of a commercially available liquid crystal display projector (LCDP) allowing for the micropatterning of surfaces without the need for clean rooms [31, 32] (figure 4). Using this first generation maskless technique, and with a twostep micropatterning method using PDMS microchannels and acrylamide (AAm) monomer solution, simple micropatterns such as islands-in-sea could be successfully fabricated [32, 33] . The rapid and reproducible prototyping of more complicated surface micropatterinings, with proteins and cells, was also achieved using this first generation maskless approach [34] . Also, with the same technique, we fabricated micropatterned endothelial cell sheets that were ulteriorly harvested and layered with fibroblast monolayers to successfully mimic a microvascular-like network of a tissue [8] . The first generation maskless device was limited to small and simple patterns. With the second generation of the device [35] , larger and finer complex patterns could be fabricated on photoresist-coated surfaces, without the need for the more elaborate processes employed with the first generation of the photopolymerization device. Using this new device, rapid and easy prototyping of biochips and microplatforms with high resolutions will be mastered, hence offering a promising technology toward in vitro fabrication of larger sized tissue-like materials. More improvements in these technology features are the subject of our present research and development work. Using this technology, together with our approach to constructing a 3D tissue-like material without the need for acellular scaffolds [8] , opens many horizons to the in vitro regeneration of tissues, especially since we do not even need to break the achieved pattern and the achieved cell-ECM and cell-cell networks while harvesting (figure 2). Parallel to the maskless technique, we also fabricated cell sheets with a defined organization using thermoresponsive, microtextured substrates [36] . The microtexturing of substrates was prepared by hot embossing thin polystyrene films with microtextured PDMS molds (figure 5).
We have also adapted an already established method for the patterning of smooth muscle cells on thermoresponsive substrates, using a microcontact printed protein pattern [37] . With this method, we aligned cells in a patterned manner on thermoresponsive dishes. The patterned cell sheet was harvested by reducing the temperature to 20
• C. Variations and improvements in this simple technique toward the rapid prototyping of cell micropatterning and co-culture are underway in our laboratory.
Cell sheet harvesting system and cell sheet layering
Efforts put into patterning and co-culturing cells on a dish subsequently led to harvesting the resulting tissue. Once the cell patterning and co-culture are achieved, the challenge is how to harvest the 2D formed tissue or, in other words, how to collect cells while keeping the network formed between cells intact and their natural extracellular milieu. Indeed, the capabilities for harvesting and recovering heterotypic cocultured cell monolayers are not only useful but also necessary for the reconstruction and the mimicking of complex tissue and organ architectures for regenerative medicine and tissue engineering applications. When a monotype cell sheet is targeted, confluent sheets of cells are spontaneously released from the dish surface, after a simple incubation of cells under suitable conditions for culture (in a humidified atmosphere with 5% CO 2 ) and a low temperature, i.e. 20
• C. For heterotypic co-cultured cells and for patterned cells, to prevent the cell sheets from shrinking due to cytoskeletal tension and reorganization, a gelatin-coated plunger-like stacking manipulator (figure 2) was designed to support cell sheets when detaching from the surfaces upon reducing the temperature to 20
• C. On the gelatin-coated plungerlike stacking manipulator, the amount and concentration of gelatin were optimized as reported elsewhere [8] . However if the manipulator is used several times, increasing the concentration of gelatin can improve the harvest of the integrity of the patterned cell sheets. The final washing steps needed for removing the gelatin from the medium might increase dependence on the initial gelatin concentration. Also, from our experience, for a total cell sheet lifting, the cell incubation time at low temperature needs to be adjusted depending on the cell type. The gelatin-coated plunger-like stacking manipulator makes it possible to harvest aligned patterned cells and to layer them on a second cell sheet. With this method, three and five layers of cells are manipulated and stacked one on the other. This method allows for the passage from two-dimensional tissue-like structures to three-dimensional biological constructs. With the same technology, after being harvested, cell sheets can also be rolled into tubes or fit other shapes, therefore opening wide opportunities for the future of organ mimicking.
Applications for cell sheet technology
In order to mimic the reality of well-structured and organized tissue organs, we have attempted to create not only simple layered structures but also functional organ-like structures.
The cell sheet has the potential of being applied to many tissue regenerative fields. Indeed, cell sheet technology was applied successfully to regenerate a periodontal tissue [38, 39] . Intact periodontal Figure 5 . Polystyrene substrate microtexturing and PIPAAm grafting. Hot embossing of the PS sheets was accomplished by pressing the microtextured PDMS master molds against a polystyrene sheet between aluminum and glass plates using a custom-built device (a). This device was placed in an oven for 5 min at 200
• C (b) and subsequently cooled for 5 min before removing the PS sheet from the device (c). PS substrates were grafted with PIPAAm by first applying a thin layer of IPAAm dissolved in isopropanol to the surface of the substrate and then exposing them to electron beam irradiation (d). Grafted substrates were washed overnight in deionized water and subsequently dried at 45
• C. Pattern dimensions are exaggerated for illustrative purposes.
(Reproduced with permission from [36] , © 2008 Elsevier.) ligament cell sheets with a thick ECM were produced and harvested from thermoresponsive culture dishes. Within 4 weeks after surgery onto denuded root dentin surfaces of an athymic rat [38] , the transplanted periodontal cell sheets newly formed fibers which were obliquely anchored on dentin surfaces, in a similar way as native periodontal ligament fibers. Besides, cementum and alveolar bone existed on either side of the periodontal ligament. These promising findings will be followed by clinical trials in the near future.
Likewise, urothelial cell sheets were created using thermoresponsive culture dishes [40] according to the 3T3 feeder method [41] . Urothelial cell sheets consisted of one to four layers with a polarized structure and a stratified morphology [40] . The cell sheets contracted slightly after detachment from the culture dish surface. Within the cell sheets, we observed junction complexes between adjacent luminal urothelial cells and deposited fibronectin at their bottom [40] .
Urothelial cell sheets were successfully grafted on demucosalized gastric flaps, resulting in urothelial regeneration in a canine model [42] .
Cell sheet applications were also extended to the endoscopic esophageal epithelial transplantation in order to suggest better treatment [43] for large esophageal cancers, where with classical endoscopic mucosal resection (EMR) [44] , post-operative inflammation and stenosis complications are encountered. Autologous epithelial cell sheets were fabricated from oral mucosa and transplanted by endoscopy. The transplanted cell sheets were able to adhere and survive on the underlying muscle layers within the ulcer sites, providing an intact, stratified epithelium. Complete wound healing with no observable stenosis was observed in the animal which received the autologous cell sheet transplantation [10, 43] .
Moreover, corneal epithelial cell sheets were fabricated and transplanted in vivo, in order to overcome shortcomings encountered with classical corneal transplantation using donated eyes [45] . As an alternative to corneal epithelial cell sheets, autologous oral mucosal epithelial cell sheets were successfully used without any need for scaffolds or carrier substrates [46] . The transplantation of a corneal epithelial cell sheet was also successfully applied in clinics for the corneal reconstruction [47, 48] (figure 6). Patients' own oral mucosal epithelial cells were utilized. Epithelial cells, including their stem/progenitor cells, are isolated from a small biopsy and subjected to the fabrication of transplantable epithelial cell sheets. Clinical results have shown that the corneal surface remains clear with significantly improved visual acuity more than 1 year after the corneal epithelial cell sheet transplantation [49] .
One of the largest applications of the cell sheet technology is the application for heart diseases. Using thermoresponsive culture dishes, cardiomyocyte sheets are easily harvested as intact monolayers along with their deposited ECM. We have described elsewhere the reconstruction of three-dimensional myocardial tissues by the layering of cardiomyocyte sheets [50] [51] [52] [53] .
Electrical and morphological communications between two overlapped monolayer cardiomyocytes were established [54] . These are critical to the synchronized and functional beating of myocardial tissues. The transplantation of these constructs to defective hearts promoted electrical communication and coupling between a graft and host, due to the presence of initial gap junction precursors and direct cell-to-cell communications [54] .
Triple-layered-co-cultured endothelial cells and cardiomyocytes were transplanted, as cardiac tissue grafts, into dorsal subcutaneous tissues of nude rats. The transplantation of a cardiomyocyte cell sheet resulted in the formation of vascular networks a few days after the grafting [11, 55] . The observed blood vessel reconstruction was entirely due to endothelial cell networks that originated from within the grafts [55] . The newly formed graft-derived blood vessels also sprouted into the host tissues to form functional connections with the host vasculature. Furthermore, the cardiac cell sheets, after harvesting, retained their endothelial networks undisrupted and retained as well the expression of angiogenesis promoters, i.e. VEGF and Cox-2. All these advantages led us to believe that if we simply started layering cell sheets one on top of the other, we could obtain a thick tissue which could be used as an autologous thick implant without requiring a scaffold. However, with our experience, layering a number of cell sheets one on top of the other was not as successful as we expected, as we realized that at more than three layers, insufficient vascularization and necrosis problems started to appear [56] . The lack of oxygen and nutrients transfer made the stacking of additional cell sheets limited to a thickness not exceeding 80 μm. This constraint was overcome with a 'polysurgery' strategy [56] . A repeated transplantation of a triple-layered cell sheet at 1 day intervals led to sufficient neovascularization of the implanted cell sheet graft and resulted in uniform cell-dense and thick tissue survivals. The success of this approach opens up many horizons in the application of cardiomyocyte sheets for clinics. Indeed, steps toward the clinical treatment of severe heart failure such as dilative cardiomyopathy are underway within our team. Parallel to that, since our main goal is to design grafts that shall be able to act as independent functional cardiac and complex tissue grafts, our next step is to undertake the creation of three-dimensional functional organ-like structures.
Maneuvered cell sheet layers for biofabrication
One of the challenges facing biofabrication technologies is the creation of functional tissue-engineered organ-like structures. Among many suggested three-dimensional fabricating methods, the so-called organ bioprinting technology is an eminent technology which is based on computer-aided robotic fabrication and inkjet bioprinting technology [57, 58] . It is a rapid prototyping approach where sequential layers of cells and/or cell aggregates into three-dimensional gel matrices allow for precise cell positioning within a construct [59] . However, organ printing technology still faces serious challenges; mainly the synthesis of biocompatible gels as scaffold materials is required, the fine-scaling of cell aggregates is also challenging and the use of acellular materials is inevitable. In addition, most bioprinting techniques require the use of matrigel in vitro which makes the scaling to in vivo assays difficult. In contrast with conventional methods, we have proposed a cell sheet layering-based tissue fabrication technique to mimic three-dimensional tissues [56, 60] . When cardiac cell sheets were layered one on top of the other, limitations were observed within the thickness of the layered cardiac tissue, due to oxygen and nutrients' transport limits. To overcome these limitations, Tsuda et al [8] have suggested a method for fabricating multilayered thick tissues where the cell sheet layers are micropatterned. Sekine et al [11] suggested a controlled co-culture method to enhance microvascularization The tissue grafts were transplanted over the anterior wall of the infarcted heart and formed a stable attachment to the heart surface (arrows) (c). (Reproduced with permission from [61] .) within a thick tissue. Kobayashi et al [61] have co-cultured fibroblast sheets with endothelial progenitor cells in sandwichlike constructs (construct) and transplanted them into rat myocardial infarction models (figure 7). They showed that this strategy is a useful method for improving damaged heart function by inhibiting the formation of fibrotic tissue and by accelerating the neovascularization in infarcted myocardium. This suggested that the transplantation of cell sheets cocultured with an endothelial cell source may be a new therapeutic strategy for myocardial tissue regeneration.
Parallel to this, and toward the biofabrication of organ-like structures (figure 8), we have created cellular micropumps on-chip using cardiomyocyte sheets with intrinsic pulsatile mechanical functions [62, 63] .
Also, by 'wrapping' technology, we have fabricated a beating cardiomyocyte sheet exhibiting large contractile forces around a fabricated hollow elastomeric sphere, which was fixed with inlet and outlet ports [64] . Moreover, we have generated pumps by wrapping sheets of cardiac muscle around tubes fabricated using fibrin gel and demonstrated pressure generation [65] . We have also fabricated sheets of cardiac tissue and sequentially wrapped these around a resected adult rat thoracic aorta. The latter was transplanted in place of the abdominal aorta of athymic rats resulting in spontaneous and synchronous pulsations, independently of the host heart beat [66] . All the abovementioned promising results suggest that the layering and the engineering of cardiomyocyte sheets present a significant advantage over conventional biofabrication methods in the creation of cell-dense, thick, highly vascularized and multifunctional tissues replicating native structures.
Cell processing technology
Recovered co-cultured cell sheets can be manipulated, moved, layered and sandwiched with or without other structures, thus providing new useful constructs both for basic cell biology research and for the preparation of tissue-mimicking materials. Cell sheets harvested in this manner have already been applied to research in various fields of regenerative medicine [67] [68] [69] . Transplantation was accomplished either with single cell sheets (for skin, cornea and periodontal ligaments) or by homotypic and/or heterotypic layering of multiple cell sheets to create three-dimensional structures (such as cardiac muscle or liver lobules). We have succeeded in the transplantation of cell sheets in clinics to treat human patients who have suffered from corneal epithelial stem cell deficiency [47, 48] . The promising results observed in clinical and in animal experiments [43, 48, 56, [70] [71] [72] encourage the development of an industrialized system where cell sheets can be harvested and manipulated in a very precise and accurate way, thus robotized. The automation of the cell culture system will have the advantage of reducing the cost for manufacturing bioengineered tissues. Indeed in order to achieve successful clinical trials with a safe transplantation of expanded cells from a small biopsy and gene transduction, it is necessary to work under current regulation by the Food and Drug Administration (FDA) and following the Good Manufacturing Practice (GMP) for cell culture facility. To do so, we built a cell-processing center (CPC) (figure 9), the initial costs of which are approximately $2 million. In addition, to maintain a 100 m 2 CPC we spend approximately $150 000 per year. Regarding these exorbitant sums of money needed to spend every year, there is no doubt that the next step of cell sheet engineering and its application to clinics will be the passage from a maneuvered CPC to a robotized CPC. This is not a simple idea, but in fact, as an extension of endoscopic cell sheet transplantation, we have started to develop robotic surgery which will help to achieve cell sheet transplantation into internal organs. As a first step, we challenged endoscopic transplantation of fabricated cell sheets onto the esophageal lumen.
The cell sheet technology with our current method of intact patterned cell sheet harvesting is suitable to the principles of automation and can be subjected to easy robotics programming.
Cell sheet, the biomaterial of the future
The cell sheet presents ample features and characteristics which make it an ideal material to use for biofabrication. Indeed, cell sheets can be fabricated from a wide variety of cell types including periodontal ligament cells [74] , esophageal epithelial cells [43] , keratinocytes [45] , retina pigmented cells [75] , corneal epithelial cells [47] , oral mucosal epithelial cells [48] , cardiac myocytes [56] and others [68, 70, 76, 77] . With cell sheet technology, the use of allogenic feeder cells and fetal bovine serum may be excluded for the preparations [78] . Moreover, cell sheets harvested from temperature-responsive culture surfaces can be directly attached to host tissues without the use of any mediators such as fibrin glue or sutures [79] . Also, upon transplantations, cell sheets attach stably and quickly (5-30 min) to tissue beds due to the presence of the ECM on the basal sheet surface [79] . Cell sheets can be handled easily and transferred from the culture dish to the host's tissue using tweezers. When transferred from one dish to another, a monotype cell sheet can even be aspirated and dispensed gently with a micropipette. Furthermore, cell sheets can be layered on top of one another, creating three-dimensional constructs such as thick cardiac muscle. Likewise, cells sheets are malleable and can be successfully shaped into spheres [64] or tubes [65] .
Conclusions and perspectives
The future of tissue engineering will require the development of a tissue, in vitro, with multiple cell types in a specific spatial distribution, to be further transplanted in vivo. Toward this goal, cell sheet technology has been suggested as an ideal developing and emerging technology. Indeed, cell sheets are materials which encompass the natural extracellular milieu of cells and the natural cell-to-cell junctions, and which can be harvested intactly from thermoresponsive surfaces. They can be directly used as a graft to be transplanted into a defect site, e.g. cornea surface, defected esophagus, infracted heart, etc. The technology of fabrication and harvesting itself being mastered, we now reach a new aspect of research inside cell sheet engineering. The main goal of current cell sheet engineering is to develop thick vascularized tissue-like structures wherein layers of cells are stratified and wherein each layer is composed of more than one cell type, in a patterned manner. Since the massive biofabrication of tissues is also our aim, the development of efficient and relatively simple cell micropatterning techniques has attracted our recent attention.
